D airy production systems are increasingly reliant on row crop agriculture to produce feed because animal density on dairy farms continues to rise. This reliance will likely increase as land allocated to dairy farms is decreasing (Martin et al., 2017) , so optimizing production to provide enough high-quality feed to meet animal nutrient requirements is critical. However, dairy feed production is just one part of an integrated dairy system, which also includes manure management and storage, feed handling and storage, animal housing, and diet manipulation (Rotz, 2004) . Management practices in the entire dairy system chain must be optimized to adapt to meet increased production demand and changing land use patterns.
Row-crop systems for feed production present an opportunity to bridge links in the production chain by providing an outlet for manure management through land application as a fertilizer (Szogi et al., 2015; Butler et al., 2008) . Manure application provides essential nutrients to the crop, thereby reducing need for synthetic fertilizers. On-farm application also removes the cost associated with transportation and alternative disposal practices (Keplinger and Hauck, 2006) . Further, due to the scale of these practices, dairy manure was applied to more than 2.6 million ha in (MacDonald et al., 2009 , managing manure efficiently can have major impacts in the overall production chain.
Successful use of manure in crop production depends on applying the proper rate to meet crop nutrient requirements. Extensive research has been conducted to guide manure application rates by investigating the relationship between total N and plant-available N, with special focus on N mineralization rate (Burger and Venterea, 2008; Cusick et al., 2006) . The N mineralization rate dictates the amount of plant-available N over the course of the growing season and varies widely with manure composition, manure treatment, manure storage conditions, site history, and application method (Griffin et al., 2005; Van Kessel and Reeves, 2002) . Despite this variability, a common rule of thumb has been to assume 30 to 50% of total N is available in the first growing season, as plant-available N present at the time of application and the amount of N mineralized throughout the season (Madison et al., 1995; Midwest Plan Service, 1993) .
Manure application can be suitable for crop production but is also associated with several negative environmental impacts. Application rates often result in manure supplying much greater quantities of nutrients than plant requirement, especially P. These nutrients can be transported into water bodies, causing eutrophication (Kumaragamage and Akinremi,2018; Sharpley et al., 2003) . Excess P levels may be reduced by applying manure to meet crop P demand (rather than crop N demand), although P-based manure application typically requires supplemental N fertilizer (Sadeghpour et al., 2016b) . Dairy manure application affects air quality by increasing ammonia and nitrous oxide emissions (Zhou et al., 2017; Hou et al., 2015) , contributing to overall greenhouse gas emissions and associated climate change impacts (Reay et al., 2012) . Additionally, manure can introduce hormones and pathogens that may persist in soil or be transported into water supplies (Mina et al., 2016; Semenov et al., 2009) .
The decision to apply manure to sustain crop production may represent a tradeoff in the dairy management chain. Using manure fertilizer may reduce the cost of purchasing synthetic fertilizer and disposing of the manure, but it may also increase the risk of environmental degradation compared with synthetic fertilizer application. Research needs to focus on addressing these tradeoffs to optimize production efficiency while balancing environmental impacts and socioeconomic pressures. One method is using tools like the Integrated Farm System Model (USDA-ARS, 2019). This model incorporates all aspects of the dairy production chain to provide a wide range of information to producers, including nutrient balance (Holly et al., 2018) , economic analysis (Rotz et al., 2011) , and greenhouse gas emissions (Rotz, 2018) .
Another path forward may be meta-analyses, which can synthesize research informing the impacts of these tradeoffs. Metaanalyses can be powerful tools in identifying trends in variables of interest (e.g., yield, N 2 O emissions), both broadly and at more specified scales (e.g., region, soil type) using moderator analyses (Doré et al., 2011) . This type of analysis may be suitable in dairy systems because they are diverse, varying across climates, soil types, management systems, sizes, and more. Meta-analyses have been conducted on gas emissions from the manure management chain (Hou et al., 2015) , nitrous oxide emissions associated with manure application (Zhou et al., 2017) , and soil nutrient dynamics with organic amendments (Chen et al., 2018) . These analyses provide critical information to producers regarding tradeoffs associated with manure handling and application.
The aim of this research is to synthetize the literature examining manure application in row crop dairy production systems and to build on the current avenues of research. This meta-analysis compares both the crop productivity and environmental impacts of applying dairy manure or synthetic fertilizer by including multiple variables associated with manure management (e.g., feed production, soil quality, water quality, and air quality). The findings of this research will help contextualize the tradeoffs that producers must contend with when making management decisions, as well as highlight different areas for future research.
MATERIALS AND METHODS

Data Source and Paper Selection
Papers included in this study were identified using a Web of Science: Core Collection (Clarivate Analytics, Philadelphia, PA) search for English language, peer-reviewed publications published before 1 Dec. 2018. The search terms included: dairy, manure (manure, slurry, effluent), and fertilizer (inorganic, chemical, synthetic, mineral) components, as well as the quantifiable parameters of interest (yield, biomass, crude protein, nitrous oxide, neutral detergent fiber, ammonia, soil organic matter/carbon, soil P, soil N, runoff, leaching) .
The initial search returned 384 studies, which were screened using the following criteria. Each study must include: (i) at least one of the parameters of interest, and (ii) describe a replicated (n ≥ 3) field study (no modeling papers or greenhouse studies were included). Additionally, (iii) each study must include a direct comparison (i.e., same crop, same field location, same manure) of a manure application treatment with inorganic N application supplying the same rate of plant-available N (±10%). Some authors identified given treatments as matching a specific inorganic N application rate; otherwise, 40% of total N was assumed available for the first year of application in each given study. Notably, this estimate cannot account for all variability in factors dictating N availability, but it was chosen to reduce error as much as possible, as it is midpoint of many ranges reported in the literature and is applicable to the entire range of included studies (Madison et al., 1995; Midwest Plan Service, 1993) . (iv) Only studies that described field application of manure were included, excluding studies focused solely on manure storage, animal feeding, or diet management. (v) This analysis included only studies conducted in row-crop production systems; pasture-based systems were excluded from this meta-analysis but are described in another manuscript.
The articles meeting these criteria (n = 58) were included in the meta-analysis, and mean values of each parameter of interest were extracted from each study (Table 1) . When presented graphically in the published form, the parameters were extracted using the "digitize" package in R 3.5.1 software (R Core Team, 2018; Poisot, 2011) . To increase sample sizes and statistical power, some extracted parameters were grouped together. Both soil organic matter (SOM) and soil organic carbon (SOC) were included in the SOM parameter; soil N consisted of reported values for soil NO 3 -, NH 4 + , or the sum of those (i.e., inorganic N). Soil P included reports of total P, Olsen P, Bray P, Mehlich P, Morgan P, and organic P. The values for these parameters were paired with location, soil texture, crop species, and manure type for subgroup analysis (see below). When multiple crops, sites, or years were included in a single study, each crop, site, or year were considered independent and treated as separate pairwise comparisons; from the 58 studies, 879 pairwise comparisons were extracted.
Publication bias was investigated by visualizing the distribution of effect sizes for each parameter (Basche and DeLonge, 2017; Thapa et al., 2018) using density plots. Sensitivity analysis was conducted to determine if the model changed depending on what studies were included in the analysis (Philibert et al., 2012) . A jackknife procedure was conducted wherein effect sizes and confidence intervals were recalculated when individual studies were excluded from the dataset. 
Meta-Analysis
Effect size for each pairwise comparison was calculated for each parameter as the natural log of the response ratio (lnRR; Borenstein et al., 2009) 
where x t is the parameter mean value of the treatment group (i.e., manure fertilizer) and x c is the parameter mean value of the control group (i.e., synthetic fertilizer). Individual effects sizes could not be weighted by within-study variability because fewer than 10% of the studies chosen for this analysis included any measure of variance, such as variance, standard error, standard deviation, or coefficient of variation. Thus, effect sizes were weighted based on sample size using Eq.
[2] (Adams et al., 1997) :
where w i is the weighting factor, n t is the sample size for the treatment group, and n c is the sample size for the control group. Sample sizes (n t or n c ) were down-weighted when multiple pairwise comparisons were made within a single study to account for possible nonindependent comparisons (Ashworth et al., 2018) . The sample size was divided by the square root of number of comparisons. For example, if a single control value is compared against three treatment values, n c = n c /3 0.5 . A linear mixed effects model was constructed with a nested variance structure to address possible issues of dependence in pairwise comparisons (package "nlme"; Pinheiro et al., 2018) . The fixed effects were the effect sizes, the random effects were Study, Site, and Site Year, and the w i values were included as weighting factors. Due to lack of reported measures of variance, a cluster-based variance estimator was used to estimate standard error for the mean effect sizes and to calculate 95% confidence intervals (package "clubSandwich"; Pustejovsky, 2018) . The means and confidence intervals were exponentially transformed to percentage change response, and significant results were identified using a = 0.05, which coincide with confidence interval bars overlapping zero.
Subgroup Analysis
Subgroup analyses were performed to determine how each parameter was affected by a series of potential covariates, including manure type, crop species, soil texture, and climate. Manure type included solid, slurry, and liquid. The climate category was identified as the Köppen-Geiger climate classification using maps produced in Peel et al. (2007) . To reduce Type I error associated with analyses of numerous categories, both crop and soil texture categories were grouped. Soil texture included five levels: clay (clay, silty clay, sandy clay), clay loam (clay loam, sandy clay loam, silty clay loam), loam (loam, silt loam), sandy loam, and sand (sand, loamy sand). Crops were grouped into two levels: corn (Zea mays L.) (both grain and silage) and small grain ( .] ). New effect sizes (i.e., lnRR) were calculated and applied to the same linear mixed effects model and variance estimator as the original model described above. To further reduce Type I error, 99% confidence intervals were calculated for the subgroup analyses. Some subgroups had no studies to include in the model, and subgroups with a single study (i.e., n = 1) were excluded from the analysis.
RESULTS AND DISCUSSION
Publication Bias and Sensitivity Analysis
Publication bias can occur in a meta-analysis when journals have shown a preference toward publishing a study based on its results, usually prioritizing studies reporting significant results (Gates, 2002) . Publication bias is often assessed using funnel plots. However, funnel plots require a measure of variance, such as SE or SD (Sterne and Egger, 2001) , and most studies included in this analysis did not report those values. Another method of visualizing publication bias is through plotting the distribution of effect sizes (Basche and DeLonge, 2017) . A roughly normal distribution of effect sizes that is centered near zero indicates no publication bias, as studies are present reporting positive, neutral, and negative effects.
The distribution of effect sizes for each of the eight parameters is shown in density plots in Fig show roughly normal data distribution centered near zero, indicating no publication bias is evident for any parameter in this study.
A sensitivity analysis was conducted to ensure that the results of the meta-analytic model were not biased by outliers (Philibert et al., 2012) . One method to identify outliers is to assess the model after removing individual studies, known as the leave-one-out method (e.g., Thapa et al., 2018; Tudoreanu and Phillips, 2004 ). If the model results change as the result of any single study being removed from the dataset, that study is an outlier that affects the findings of the study.
The findings of the sensitivity analysis are shown in Fig. 2 , where the mean effect size and 95% conficence interval (CI) were recalculated iteratively for each variable with each study excluded in sequence. When the recalculated mean effect size and CI is outside the bounds of the original CI, it may exert too much influence on the model and skew the results. A single study was removed from the Soil P variable because the mean effect size for the model did not fall within the 95% CI of the original model. No other data was omitted from the dataset due to the sensitivity analysis.
Overall Findings
The findings of the overall meta-analytic model for each of the parameters are shown in Fig. 3 . The crop production parameters, yield, protein, and NDF, did not show a significantly different response to manure fertilizer when compared with synthetic fertilizer. These findings may be the most robust in the study, as they have the lowest amount of variability, which was evident even in the relatively small dataset of NDF comparisons (n = 20). Two environmental impact parameters, SOM and soil P, did show a significant response, matching the findings of a meta-analysis including all types of organic amendments (Chen et al., 2018) . Notably, N 2 O emissions shows a trend of increasing with manure fertilizer in agreement with Zhou et al. (2017) , where cattle manure application increased N 2 O emissions by 29% compared with synthetic fertilizer; however, high variation in this dataset prevent a statistically significant finding. Similarly, nitrate leaching shows trends toward being reduced under manure fertilizer, but it is also highly variable. Overall, these findings suggest that, with equivalent fertilizer application rates, yield and quality will not suffer when using manure as a sole fertilizer compared with synthetic fertilizer. However, soil properties will be affected, and impacts on other environmental quality parameters are also likely.
Crop Yield and Protein
This analysis confirmed the results of numerous studies finding that crop production using manure fertilizer can match synthetic fertilizer in a range of crops and environments in yield (Halvorson et al., 2016b; Annicchiarico et al., 2011; Dordas et al., 2008) and crop protein (Lehrsch et al., 2017; Basso et al., 2016) , provided that the plant-available N is equivalent. Notably, this study did not include comparisons of any manure applications exceeding the recommended plant-available N application rate, although this practice may become more common as producers have access to less land (Martin et al., 2017; MacDonald et al., 2009) . When manure is applied at rates exceeding crop nutrient requirements, environmental impacts intensify without added benefits to crop production (Han et al., 2017) .
The subgroup analysis for yield and crop protein (Fig. 4 ) confirms that this finding holds across climates, soil types, and cropping systems, although individual studies did find positive or negative effects. For example, wheat yield and grain protein content increased with manure application compared with synthetic fertilizer in Israel (Miron et al., 2011) . This finding was attributed to the increase in water holding capacity and SOM associated with the manure. Conversely, yields decreased in a clay soil with above average precipitation (Gagnon et al., 1997) , possibly due to manure clogging the smaller pore networks and reducing drainage. Notably, small grains show a slightly negative effect on both yield and protein when compared with corn. This finding may be related to an alternative growth pattern in crops like wheat or oat compared with corn, in which the highest nutrient demand occurs at different times throughout the growing season (Girma et al., 2010) .
Soil Organic Matter
Manure application increased SOM by 17% when compared with synthetic fertilizer, which is slightly lower than reported by Chen et al. (2018) investigating the influence of organic amendments on SOC levels. This magnitude of increase is likely driven by the application rates, as increasing inputs of animal manure typically increase SOC stocks (Maillard and Angers, 2014) .
The subgroup analysis revealed SOM increased more consistently when manure was applied as a liquid than as a solid (Fig. 5 ). This finding contrasts with Grignani et al. (2007) , who found that farmyard manure solids were converted more quickly into SOC. However, changes to SOM by dairy manure application are slow (Hawke and Summers, 2006) , so the findings may be influenced by time and overall number of applications. Additionally, manure application typically provides the greatest benefit in systems with low or depleted SOM (Chen et al., 2018) = 0.05 level (*) or the a = 0.01 level (**) . SOM, soil organic matter; NDF, neutral detergent fiber; nd, no effect size determined. Weyers et al., 2017) . Similarly, SOM stocks may be depleted in corn systems (both silage and grain) compared with small grain, increasing the benefit of manure application. This depletion may be the result of an interaction with tillage, since continuous-corn systems often have more intensive tillage practices than small grain systems (Wade et al., 2015) . This increased tillage intensity causes greater losses of SOM due to increased erosion and soil respiration compared with no-till systems (Virto et al., 2012) .
Manure type and composition, climate and soil characteristics, application practices (e.g., injection vs. broadcast spreading), subsequent incorporation, and depth of incorporation all play a role in how much of the soil profile is affected. For example, liquid dairy manure applied with a sliding shoe to a silt loam in Canada influenced SOC to a depth of 20 cm (Maillard et al., 2015) , whereas farmyard manure and slurry both increased SOM to a 30-cm depth (Grignani et al., 2007) . In a no-till system, the effects of solid manure were only seen to a depth of 10 cm (Peacock et al., 2001) , likely because it was not incorporated at all. Notably, this analysis included only the top layer of soil reported in each study, which ranged from 0 to 5 cm to 0 to 60 cm, introducing additional variability into the dataset. However, despite not being able to account for different timing of application or depth of sampling, the results combined to show the positive effect.
Soil Nitrogen and Phosphorus
Inorganic soil N was not different in soils fertilized with manure than with those fertilized with synthetic N, a finding that held true across all subgroups (Fig. 6) . Like the crop parameters, this similarity is expected due to the inclusion of only studies that had approximately the same amount of plant-available N supplied; in fact, the aim of application was to match inorganic soil N between manure and synthetic fertilizers. Like SOM, the influence of manure and synthetic fertilizer application on soil N pools depends on sampling time and depth (Curless et al., 2004) . Nearly every study sampled N at harvest, possibly missing differences earlier in the season (Paul and Beauchamp, 1993) . Similarly, it does not account for further mineralization of the organic N in soil after harvest. Thus, the risk of more nitrate leaching may persist in manure-fertilized soil, especially if a second crop is not planted to take up the excess nutrients (Thapa et al., 2018; Krueger et al., 2013) . Nonetheless, variability in sampling depth and time do not appear to skew the findings, as soil N had the smallest CI of the environmental parameters.
Soil P increased following manure application (Fig. 6 ). This finding is expected because most producers add manure fertilizer to meet crop N needs, and the composition of dairy manure is such that P levels will greatly exceed crop demand and lead to a build-up in soil P (Sadeghpour et al., 2016b) . Notably, no subgroup levels were significant, likely due to high variability within studies and low sample sizes. As noted, comparing soil parameters among studies is difficult due to inconsistencies with sampling time and depth. Additionally, comparing soil P across different systems can be especially difficult because soil P tests vary widely on what fraction of P they measure (Wuenscher et al., 2015) . Site history can also play a major role in soil P levels. Repeated P applications, both manure and synthetic, lead to an accumulation of soil P (i.e., legacy P) that can have long-term consequences for both plant fertility and environmental quality (Kleinman, 2017) . Thus, the best moderator for soil P would account for the long-term number and amount of applications, though lack of information and a small sample size precluded that analysis in this study.
Nitrous Oxide Emissions and Nitrate Leaching
The positive mean effect size (Fig. 3) for N 2 O emissions agrees with Zhou et al. (2017) , a meta-analysis where all types of animal manure were grouped together and compared against synthetic fertilizer. Nitrous oxide emissions increase whenever N is applied, but it may increase at a greater magnitude after applying manure fertilizer (Zhou et al., 2017) . However, the magnitude of increase is dictated by a series of factors, including climate, soil temperature, soil water content, soil aeration, soil nutrient status, texture, and C availability (Smith and Mukhtar, 2015; Mosier et al., 1996) . Additionally, sampling time and duration can cause variability, as N 2 O emissions can be strongly influenced by seasonal and diurnal trends in soil moisture and soil temperature, as well as time since application (Dungan et al., 2017; Asgedom et al., 2014) . Manure source and application method may also contribute to variable responses. For example, liquid manure is typically applied with more water than either slurry or solid manure, resulting in higher soil water content and possibly contributing to increased N 2 O emissions (Smith and Mukhtar, 2015) . Thus, the spatial and temporal variability in N 2 O emissions make it the most variable parameter in this analysis, in addition to being reported in only seven studies.
Like N 2 O emissions, nitrate leaching increases whenever an additional N source is applied (Lu et al., 2011; Di and Cameron, 2002; Jaynes et al., 2001) . This meta-analysis suggests that nitrate leaching may be reduced in manure-fertilized soils compared with synthetic, although variability in effect size is high. This finding may relate to the greater immobilization of nitrate due to higher C/N ratios in manure-fertilized soil, such that less nitrate is available for loss (Fan et al., 2017) . Conversely, synthetic fertilizer applies a single influx of inorganic N so that more nitrate is available to be lost. Nitrate leaching is heavily dependent on soil properties governing water movement, such as soil texture, porosity, and organic matter, so that manipulation of the soil, especially tillage or manure incorporation, strongly influence the capacity for nitrate leaching (Cherobim et al., 2017 , Fan et al., 2017 Joshi et al., 1994b) . Nitrate leaching also varies greatly over time, as conditions for leaching change with soil water content (Cherobim et al., 2017) , such that time of sampling is critical in determining differences between treatments.
Implications for Dairy System Research
This meta-analysis identified several areas that can easily be addressed to improve the range and scope of application of dairy system research. First, some measure of variance should be reported for all parameters. Not only does reporting these values allow for more powerful meta-analyses, but they should also be reported to contextualize data interpretation in each individual study. Second, although most studies have been consistent in reporting manure composition and application rates, not enough report the timing and method of manure application. Both time of season and number of applications can dictate crop and environmental responses, so that information needs to be included to accurately assess impacts of manure application. Further, researchers need to address the variability associated with timing and methods when measuring these parameters, especially gas fluxes and soil nutrient levels. The inconsistency in findings for N 2 O emissions and nitrate leaching confirms the need for more research to identify and account for the factors causing so much variability between studies.
Future research will need to investigate the practice of using both manure and synthetic fertilizer. Many producers may apply manure to meet crop P demand and supplement with synthetic N fertilizer (Sadeghpour et al., 2016a; MacDonald et al., 2009 ). This practice was not investigated in this analysis due to inconsistency in reporting the different rates of N and P applied, such that direct comparisons were often impossible to identify.
Dairy system research also needs to expand the number of parameters that are investigated. This analysis identified an overwhelming focus on crop yield (Fig. 3) , with environmental quality parameters underrepresented. Crop yield and quality is critical in these systems, but focusing only on yield does not allow for an optimized, integrated dairy production chain. Either SOM or SOC was reported in only 18 of 58 studies identified in this analysis, which is surprising, given its importance in sustaining long-term soil fertility and soil health (Schjonning et al., 2018) , as well as influencing greenhouse gas emissions and C sequestration (Wiesmeier et al., 2019; Christopher and Lal, 2007) . Similarly, agricultural management can have extreme impacts on ecosystem and human health (Reay et al., 2012 , Davidson, 2009 , so environmental quality parameters like N 2 O emissions, nitrate leaching, soil erosion, runoff, and others need to be monitored more intensely. Only by measuring these parameters can tradeoffs be quantified between production, economics, and environmental quality, which can then be used as a lens through which to make system-wide decisions.
CONCLUSIONS
This meta-analysis confirms that crop yield and quality in rowcrop forage production systems will not suffer when fertilized with dairy manure rather than synthetic fertilizer. Both SOM and soil P increase when using dairy manure as fertilizer, but soil N, N 2 O emissions, and leached N were not significantly changed. These findings suggest that producers should be using dairy manure whenever possible, as it reduces the amount of material they need to dispose of and the amount of synthetic fertilizer they need to purchase. Although the findings of this study did not identify major environmental risks, manure should still be applied with caution. Soil P loading can pose a great threat to water supply if conditions are appropriate for transport. Though N 2 O emissions were not significantly increased in this study, the findings indicate that it could be common. The lack of information available on environmental parameters shows that research on fertilizer, dairy manure and synthetic, needs to evolve past only considering yield as a meaningful parameter. The overall economic and environmental costs of management practices can be better measured by including other parameters.
